INTRODUCTION
Over the last few decades, the exploitation of new technological solution in the field of round wood production has increased. This has resulted in a massive effort towards forest mechanization. Harvesters, processors and forwarders have become widespread in all industrialized countries not only in Slovenia, but also in other parts of the South-east European (SEE) region, far beyond the borders of the Nordic countries where they were first developed and thoroughly studied [1] [2] [3] [4] . In general, perception about modern harvesting systems is related with high productivity and cost efficiency on the one hand and with heavy machinery causing severe ecological implications to the stand (i.e. wounding of trees and devaluation of wood quality) and soil (e.g. soil compaction, erosion, mixing of soil horizons, etc.) on the other hand [5] . Due to the vast amount and range of available harvesting systems, operators (foresters) often select less suitable harvesting solutions for the particular stand/site, with negative ecological and environmental consequences [6, 7] . Thus, enhances a negative general opinion about modern harvesting systems.
Magagnotti et al. [2] investigated the impact of conventional motor-manual and fully-mechanised thinning on Mediterranean pine plantations and concluded that properly applied fully-mechanised harvesting does not cause heavier soil impacts than traditional motor-manual harvesting; in addition, it results in much lower stand damage. Magagnotti et al. [3] also performed a study on salvage harvesting after forest wind-throw, using a versatile fully mechanised system; the results showed moderate soil compaction and unlikely adverse effects on advanced regeneration.
Selection of harvesting systems can depend on different preconditions which can be divided in three major groups: (i) terrain properties, (ii) extent of environmental impacts and (iii) production costs. In Slovenia the appropriate harvesting system for a particular site is determined in the Forest management plans [8] . The key element in harvesting system selection is the forest entrepreneur, where rationality and competitiveness are the leading guidelines. The organisation of work is related to the company size (which performs forest operations) and its technological equipment. After a site inspection, a trained and experienced employee selects harvesting system, based on current working conditions and available machinery. However, when selecting the proper harvesting system for particular forest site, both economic and ecological aspects should be considered [9] .
Numerous studies on nominal ground pressure of wheels and machines on forest soils were carried out in the past. Despite extensive professional work the systems for predicting deformations and their physiological consequences have remained relatively unreliable [5] .
In Germany, minimum standards are determined for soil protection; i.e. in the Forestry Act, Nature Conservation Act and Soil Conservation Act [10] . Principles of appropriate forest management practices in the German Forest Act determine declaratory requirement of sustainable, careful and proper forest management: (i) maintenance of soil fertility, (ii) conservation of natural soil functions, (iii) soil and stand-friendly forest management, considering also the natural habitats of animal and plant species, (iv) demand limited and nature-friendly forest exploitation, considering also the landscape and forest function [10] .
According to Owende et al. [11] , the environmental impacts of mechanised harvesting operations depend on several factors such as: (i) site type, suitability of machinery to respective terrain, (ii) harvesting system, (iii) layout of the trails, and (iv) time of year during which the operations are carried out (weather conditions).
In order to meet the ecological requirements, decision tools were developed to facilitate eco-efficient harvesting techniques [7, 11, 12] . The decision tool presented by Owende et al. [11] is simple to use and consists of ground specifications (e.g. ground bearing capacity, ground roughness and slope) and machinery parameters (e.g. nominal ground pressure). The decision-making tool, however, does not consider the impact of soil moisture/ terrain properties. Grüll [12] and Erler and Grüll [13] presented a site-focused decisionmaking model, where the decision-making process is supported by classifying the natural value (producing capacity) of the soil, site trafficability and technical suitability of the wood harvesting procedure. The outcome was a combined ecological and technical evaluation of the procedure. The tool presented by Grüll and Erler is detailed, but on the other hand more complex and somehow difficult to implement under other conditions (i.e. in other environments and countries). Approaches using a multi-criteria decision support tool based on Multi Criteria Analysis (MCA) as presented Kühmaier and Stampfer [14] are also promising, although used to estimate a proper energy wood supply chain.
The terrain properties and soil-machine interactions [7, 11] , as well as stand-machine interactions (damages to roots and remaining trees) were widely studied in the past years, with the data suitable to be used for the preparation of reliable decision-making tools. The main objective of this study was to suggest a new practical decision-making tool for selection of most suitable harvesting systems, considering terrain steepness, ground bearing capacity and soil moisture. The decision-making tool should support cost-efficient and environmentally friendly mobilisation of wood and should be easily adapted to different conditions.
MATERIALS AND METHODS
For a successful selection of suitable harvesting systems the suggested decision-making tool (DMT) includes relevant parameters such as soil and terrain characteristics and basic machine properties. The DMT variables were quantified based on studies carried out by other research groups, e.g. by Owende et al. [11] .
The presented tool is bidirectional; it can be used to determine the proper harvesting system for individual sites, or vice-versa.
During the harvesting system selection process, given terrain and soil conditions should be considered. Soil damages during off-road machine operations are mostly influenced by soil properties and conditions in the moment when under load and by nominal ground pressure of machinery [6, 7] . The preparation/adaptation of DMT to specific site conditions and harvesting systems is supposed to be carried out in three consecutive phases: (i) estimation of soil and terrain conditions, (ii) prediction of suitable harvesting systems and depiction in wood process charts ("functiogramms"), (iii) finalization of decision matrix ( Figure 1 ).
Soil Characteristics
The strength of soils were classified based on their ground bearing capacities (GBC); i.e. capacity to support the load pressing on it. In forestry, the soil bearing capacity is usually considered as the maximum allowable wheel contact pressure. Soil bearing capacity, shear strength and penetration resistance are dependent on soil moisture, dry density and particle size distribution. However, development of universal models explaining relationships among mentioned parameters seems difficult, because both frictional and electro-chemical forces are involved in the formation of the soil strength [15] . The following soil type classes (from soft to hard) (Table 1 ) were adopted according to Owende et al. [11] : (i) very soft soil (GBC ≤40 kPa), (ii) soft soil (GBC from 40 to 60 kPa), (iii) average soil (GBC from 60 to 80 kPa) and (iv) strong soil (GBC ≥80 kPa).
It should be considered that GBC, in particular, is greatly reduced when soil is saturated with water.
One of the main criteria in selection of machinery to corresponding site condition is the wheel/soil contact pressure. It is a simplification of the vertical stress, where loaded tyre or track imposes on the soil [11] . Nominal ground pressure (NGP) is widely used, easy to assess mobility variable [15] , although it has the disadvantage of neglecting the influence of tyre deformation. Influence on forest floor/soil is mainly related to the wheel/ soil interaction, thus nominal ground pressure (NGP) is less destructive on soils with higher ground bearing capacity then those with lower [15] .
NGP is calculated as the ratio between the wheel load and dimension of tyres [11] :
-For wheeled machines: 
Terrain Characteristics
Nominal ground pressure on the axle depends on distribution of the mass on the vehicle, which is different on flat ground than on great slopes [19] . The research carried out by Marenče [19, 20] demonstrates the principles of weight transfer to the rear axis during upward hauling and transfer of loads to the front axis during downward hauling. Technical characteristics of chosen machinery are thus of vital importance when selecting harvesting systems; weight distribution on the axis greatly depends on slope of the terrain. E.g. during downward hauling the forwarder with one axis in front and two rear axis represents a specific problem since the downhill axis are under higher load (bearing two thirds of the load).
The DMT should enable the selection of harvesting system, most appropriate for particular types terrain, soil conditions at selected working/harvesting site. In order to meet specific conditions in the first step, a matrix containing terrain and soil conditions needs to be configured as exemplified in Figure  1a .
For the purpose of this article we suggested three terrain slope classes: (i) up to 30%, (ii) 31%-60% and (iii) above 60%. The selected classes where proposed based on limitation of different technologies.
Harvesting Systems
During the second step, available and commonly used harvesting system in the region should be evaluated (Figure 1b ). In the past, different approaches to visualise the harvesting systems have been developed and used [21] [22] [23] [24] [25] . For describing of working processes and harvesting systems, Kuratorium für Waldarbeit und Forsttechnik e.V. KWF (2015) [21] presented a wood process charts ("functiogramms") that symbolizes cutting, hauling and transport in the process from the standing tree in the stand to the final product either on the forest road or at the end consumer. The idea of harvesting system visualisation has been developed and utilized by Erler and Weiß [26] and Erler and Dög [27] .
To exemplify the three-step methodology, a decision-making matrix was prepared for the three selected harvesting systems: (i) chain saw -tractor, (ii) harvester -forwarder, and (iii) chainsaw -cable yarder.
Chain saw -tractor ( Figure 2 ) is a traditional combination of motor-manual felling with chainsaw and haulage with forestry tractor. Wood cutter fells a tree and immediately afterwards follows the delimbing operation. Cutting is followed by stem wood extraction along the skid-road with forestry tractor using forest winch. The cross cutting of stems to assortments is foreseen at the storage by the side of forest road and then transported to enduser by truck and trailer.
Harvester -Forwarder ( Figure 3 ) addresses machines for fully-mechanized harvesting. Cutting and assortment production take place along skid trail and is carried out by harvester. Cutting is followed by haulage of assortments with forwarder. After harvesting is completed, transport to end-user is foreseen.
Chainsaw -cable yarder ( Figure 4 ) is a modern way of forest production with the possibility of the whole-tree yarding by cable line, where chainsaw operator fells a tree. The hauling from stand to forest road is done by the cable yarder, where delimbing and cross-cuting is performed by harvesting processor. After the completed yarding the transport of round wood is envisaged.
Wood process charts ("functiogramms") can be also used as a starting point for cost evaluation and estimation of environmental or ecological impacts. The Slovenian Forestry Institute developed WoodChainManager (WCM) FIGURE 2. Wood process chart ("functiogramm") of motor-manual cutting and hauling with tractor harvesting system [28] an internet tool for calculation of machinery costs [29] , and visualisation of harvesting systems. Machinery costs are calculated per scheduled machine hour, where scheduled time is the time during which equipment is scheduled to do productive work [30] . Final selection of harvesting system depends on costs and productivity of selected machinery, especially in cases where soil conditions as well as terrain enable more than one option. Comparison of machinery costs along different harvesting systems facilitate the selection of suitable harvesting systems.
Evaluation of Technological, Ecological and Economic Aspects of Selected Harvesting Systems -Finalization of DMT
In the third phase, the ecological (soil and slope conditions) and technological requirements (NGP, safe slope angle, etc.) should be matched (Figure 1c) .
The main characteristics of above presented harvesting systems (Figure 2, 3, 4) are listed in Table  2 , however is should be considered that these are only three from widely differing harvesting systems that can be found in the Mediterranean and SEE regions. Different systems should be analysed and included in DMT in order to match it with the accessible technology and existing environmental conditions. When proposing different harvesting systems, the evaluation by technological, ecological and economic aspects should be considered. The presented harvesting systems are limited by several constraints. For example, driving with tractor is only possible on slopes that do not exceed 35% (very steep terrains are out of limits). On the other site, fully-mechanized harvesting system is limited with ecological aspects due to off-road driving on skid trails, their NGP exceed GBC and therefore cause damages on forest soils. Skid trails are defined as alignment in the forest, in which harvester and forwarder are moving. Cable crane yarding is limited neither with technological nor ecological aspects, but rather with economic aspects. Due to high cost of production in order to be economically efficient it is only appropriate for steep terrains with higher volumes of harvestable timber.
The presented parameters (Table 2 ) are the main input data to fill in the decisionmatrix. Technological and ecological aspects of harvesting machines are available in their technical description. Costs are calculated using the WCM tool [28] . 
RESULTS

Preparation of the Decision-Making Matrix
The three above presented harvesting systems, i.e. motor manual harvesting system (Figure 2) , Harwarder -Forwarder harvesting system ( Figure 3 ) and cable crane yarding harvesting system (Figure 4) were inserted into the matrix (Figure 5 ), following the requirements and limitations described above. For example, the traditional motor-manual harvesting ( Figure  2 ) has technological limitation as described above and the only ecological limitation that needs to be considered are very soft soils with low GBC. In case of fully mechanized harvesting (Figure 3 ), ecological requirements are the limiting factor, thus measures to lower site impact should be considered for example for sites with low ground baring capacity (e.g. using of the boogie tracks, carrying only half loads, etc.). The unconventional cable crane yarding (Figure 4 ) is in accordance with ecological and technological requirements and suitable for all proposed site conditions, but due to economical limitation (high production cost) applicable only where no other harvesting system can be applied or at high productive working sites.
Example of Decision-Making Matrix Developed for Slovenian Conditions
The above presented DMT is differing from the one developed for Slovenia in two aspects. In the Slovenian matrix the ordinate axis defines different soil type and therefore two moisture categories (damp and dry soils) where introduced. Since in the above presented DMT soil types where replaced by GBC classes the soil moisture parameter is redundant. A decisionmatrix developed for Slovenian conditions is containing more than 12 different technological solutions ( Figure 6 ). The matrix includes harvesting systems from cable crane yarding (1), combinations of motor-manual harvesting (2-4), different combinations of fully mechanized Remarks: a stand for motor-manual cutting and hauling with tractor harvesting system (Figure 2 ) b stand for fully-mechanized harvesting system (Figure 3 ) c stand for cable crane yarding harvesting system (Figure 4 ) * stand for using additional equipment (i.e. using fitted boogie tracks on harvester or forwarder) ** stand for additional cost consideration harvesting (5) to helicopter yarding (6), although not common in Slovenia, applicable in extreme conditions. The methodology and DMT were developed within a national project with the main aim to provide forest operators and forest managers with a simple planning tool. The final project report includes a detailed description of all harvesting system in order to facilitate the decision process of forest operators [31] .
DISCUSSION
With the changes due to increased fullymechanized harvesting the efficiency of forest production have changed. Together with them, the impacts of these technologies on forests have changed as well. The expensive modern machines require suitable training of not only machinists but executive and technical personnel [32] as well. In the case of mechanized cutting, the machinist's suitable qualification is of exceptional importance from the aspect of potential damages caused to forest stands [33] . Presented decision-making tool could be used as a part of regular training for forest operators.
The decision-making tool is applicable for planning of forest production on concrete working sites (harvesting sites). Primarily, the decision-making should simplify the analysis/ evaluation of forest operations, although it can also be advantageously used during the execution of work, when working conditions change: FIGURE 6. Decision-making tool for the selection of suitable harvesting system in Slovenian conditions Legend: 1-6 stands for harvesting systems from cable crane yarding (1), combinations of motor-manual harvesting (2-4), different combinations of mechanized harvesting (5) to helicopter yarding (6) . Harvesting systems cannot be directly matched to the systems described in figure 5 as they are focusing onto a woodchip production. -changed humidity conditions at working site, -machine has broken down and has to be replaced with a new one, -to fill the capacities, another/unforeseen machine is used. The decision-making tool supports the planning of harvesting operations. Since there is no uniform decision making matrix for all different types of soils or different harvesting systems, DMT can be prepared individually and with region-specific technology.
Considering the predicted quantities and types of forest wooden assortments, it is possible to use the DMT for a basic selection of most appropriate harvesting systems. It is designed in such a way that a new harvesting system can be added at any time.
CONCLUSIONS
The decision-making tool for evaluating harvesting systems was developed on the basis of foreign experience and own studies concerning the green woodchips supply chain carried out in a national research project. The presented methodology serves as a guideline for preparation of region specific DMT for selection of most appropriate harvesting systems in the phase of silvicultural planning as well as in the phase of forest operations planning or operational work management. The developed tools should be checked in practice and supplemented in the sense of practical utility. Economic aspects of different harvesting system can be easily estimated using WoodChainManager, an internet tool that is based on FAO methodology for machinery cost calculation and also enables visualisation of harvesting system.
